Copy

P.,.;.-q .
OR 1., &
[P ]

lmmurum:auumwd §

NACA KM E56A23

el S
’ OB

VMTHODS FOR CALCULATING THRUST AUGMENTATION

Jet

&\\%;;.

e e -
— »

- \ H AND LIQUID CONSUMPTION FOR VARIOUS
s AR QX
1& !‘ 2 TURBOJET -AFTERBURNER FUELS
. [ =
\ '
E. LIO.JE 3. : By James F. Morris
¢ ¥ ™ ‘
=, &E N ' Lewis Flight Propulsion Laboratory
g D3N Cleveland, Ohio
ARSI
b gl i3y LIBRARY
£ Z gﬁ\i by cop '
g | PN
¢ S " s 0CT 12 1956
O 5 23 LANGLEY AER
-y ONAUTICAL LABO
- '; 5 LBRARY WAGHMTOR
: -;: NI FY FIELD, VIRGINIA
l ® CLASSIFIED DOCUMENT
g Gy This material comtainn

mfomuonmcuumwmumwmnmmm
ofthooapiouphu Tm-IBBl..!C soamm-m the tr of which {n any

NATIONAL ADVISORY COMMITTEE
{ FOR AERONAUTICS

WASHINGTON
October 10, 19568

RESEARCH MEMORANDUM

RM E56A23

oL




[TV IV RN

i~

woomes NI

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

METHODS FOR CALCULATING THRUST AUGMENTATION AND LIQUID CONSUMPTION
FOR VARIOUS TURBOJET-AFTERBURNER FUELS

By James F. Morris

SUMMARY

Methods are presented for calculating net thrust using alr specific-
impulse data for various fuels. Nomographic solutions are given to adapt
the methods to turbojet-sfterburner calculations. These nomographs can
be used to compute net thrusts obtailned by expanding exhaust gases to
either a Mach number of 1.0 or the ambient static pressure at the nozzle
exit. Thermodynamic data for several fuels are also presented.

INTRODUCTION

Turbojet-propelled aircraft often require thrust asugmentation for
takeoff, maneuverability, and supersonic flight. Afterburning with high-
energy fuels rather than hydrocarbons may produce greater augmented thrust
with lower total fuel flows. In order to predict and compare performances
of turbojet-afterburner fuels, calculations must be made with theoretical

and experimental data.

This report gives methods for computing net thrusts and total liquid
flows for fuels burned in Jet engines having various component efficiencies
and operating et various flight conditions. Ailr specific~impulse data,
which are gvaillable for many new fuels, are used In these methods to ac-
count for the energy, mass, and nature of combustion products. Nomo-
graphic solutions are presented for calculating net thrusts for expansion
of exhsust gases to either Mach number 1.0 or ambient static pressure at
the nozzle exit. The ranges of variables for the nomographs were selected
for calculations of turbojet-afterburner performance.

The calculation methods for expansion of combustion products to a
Mach number of 1.0 are practical ones for many present and future turbo-
jet afterburners having varliable-srea convergent exhaust nozzles. How-
ever, turbojet engines that produce high pressure ratlos will require
variable-area convergent-divergent nozzles to yileld best performances.
In these casesg, the maximum net thrust would be obtained if combustion
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products were completely expanded, but for many engines the nozzle welight,
drag, and complexity would make complete expansicon impractical.

Then, the nomographic methods can be used to predict or bracket net
thrust for all turbojet afterburners. Two examples are given to show
calculation procedures and the differences in net thrusts computed for
expansion of exhaust gases to unit Mach number and to ambient static
pressure. Thermodynamic data for ideal combustion of several fuels are
presented in graphical form for convenient use with these calculation
methods.

ANATYTICAT, METHODS

Air specific impulse 1s used as a variable in the calculation methods
of this report. For ideal, adisbatic combustion of a fuel, air specific
impulse is defined in terms of the stream thrust obtained by expanding
the combustion products adiabatically to a Mach number of 1.0.. However,
air specific impulse can also be expressed as a function of the following

variables: (1) fuel type, (2) equivalence ratio, (3) total temperature, and

(4) total pressure, all at the point considered, and (5) inlet-air tem-
perature. Then, for frozen-composition, adiabatic expansion, air specific
impulse has a constant value st all polnts in the stream, regar&less of
Mach number. Equation (Bl) confirms this.

Therefore, air specific impulse is used in the equations of the
calculation methods to represent the stream thrust, energy, mass, and
nature of combustion products. The equations are general, but applica-
tion to turbojet-afterburner calculations is stressed. All symbols and
complete derivations for the equatlions in this section are given in
appendixes A and B, respectively.

Net Thrust

Alr specific impulse was used to convert the general expression for
net thrust,

Fp = moVig - MoVo + A10(P10 - Po) (1)
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to the following expression:

F ' v, g
n O a,l10
v, - Sa,10/(M10,P10,20,710) - 5~ = 2 n
710 ~
Mlo'\/z (1 +730) (1 g M:ZLO)
T10
Tlo-l
Tip0 - 1 Po Yo
1+rM2-(1+—-——MZ> =] -= (2)
1010 2 10 PlO g
If the nozzle-exit Mach number is 1.0, equation (2) reduces to

Fn Vo Po Vo

— =5 P -— =35 1- i § B )

o a,10/(P10,P05710) z 2,10 [ f(Tlo)(Plo z

1
T10-1
(1 +v10) 197 /rg Vo
= Sa 10 1l - P - - (3)
’ 710 10, g
Y- =1
10
(2)

This 1s the basic equation used in the approximate (figs. 1 and 2) and

exact (figs. 3 to 6) nomographic solutions for turbojet-afterburner net
thrust produced by expension of exhasust products through a choked con-

vergent nozzle.

The function 'f(Tlo) is practically constant, varying from 0.793 at
T10 = 1.345 to 0.803 at 71y = 1.225. If f(ryp) = 0.8 is used and

afterburner losses sre neglected, a simplified form of equation (3)
results. This approximate expression and its limitations are discussed

in appendix C.

For complete expansion of combustion products,

Pio = Po
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and the equation for net thrust becomes

Y071
2 T
Po s oA Birenra) - Qo o\ [0 |y (B} Yo
e = Sa,10/{F10:P0:T10) - 3 8,10 %, - 1 g g

(4)

Figure 7 is the nomographic solutlon for equation (4); figures 3, 4, 5,
end 7 comprise the exact nomographic method for computing the turbojet-
afterburner net thrust obtained when combustion products are conmpletely

expanded.

Equations (2) to (4) can be used to compute net thrust for various
afterburner fuels if the ratio of ambient static pressure to nozzle-exit
total pressure PO/PlO is known. For turbojet-dfterburner problems, the

ratio of afterburner-inlet total pressure to ambient static pressure
PS/PO is generally known. Then, if the total-pressure ratios across the

flemeholder (Pg/P5)p, the combustion zone (Pg/Pg)y, and the nozzle
(P1o/Pg)y 8re computed, po/Pjg can be found from the following identity:

B (%) () (%) .
Pio  Fs \Ps/r \Po/m \F10/N
Flameholder Taotal-Pressure Ratio

The flameholder total-pressure ratio (Pg/Pg)yp and the combustion-

zone-inlet Mach number Mg can be calculated from the following equation:

T5+l
Zsz-lj
L Ma i i
(Eé) K ; 1 rsif
Ps/p M\ Y5-I D s
5 o1
s - 1
2(? = M%)
. -

(6)
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In order to use equation (6), the afterburner-inlet Mach number Mg,
specific-heats ratio yg5, and flameholder drag coefficient (CD = AP/q)

must be known, and the duct area, stream energy, mass, and composition
must be constant across the flameholder.

An approximate solution for equation (6) is given by line A of fig-
ure 1. Figure 3 is an exact nomographic solution for (Pg/P5)p and Mg-

Combustion-Zone Total-Pressure Ratio

The combustion-zone total-pressure ratio (Pg/Pg)y is given as =

function of values, upstream and downstream of the combustion zone, of
air specific impulse (Sa.,G and Sa,s)’ Mach number (Mg and Mg), and

ratio of specific heats (yg and 7vg). The following equations are valid
for a constant-area duct:

- 1
w1+ B E w1 T TR
S

1+ YSMS 1+ TeMg 1+ T9

79

—.—

<P9>M o TGME)(l M . Mg) (8)

e,

Tg-l
-1
(1 + rgMg)<% +-I§§———Ié§

The use of air specific impulse in equation (7) eliminates separste treat-
ments of energy and mass additlon and trial-and-error methods across the
combustion zone. Approximate (fig. 1 and lines A to C of fig. 2) and
exact (fig. 4 and lines A to C of fig. 5) nomographic solutions for equa-
tions (7) and (8) are presented.

Nozzle Total-Pressure Ratio

The nozzle total-pressure ratio (Pjg/Pgly, the velocity coefficient,

and a kinetic-energy coefficient sre accepted conventlions that express
exhaust-nozzle losses. For convenience, the total-pressure-ratio method
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was selected as a means of treating nozzle losses in the nomographic .
solutions. The ratio (PIO/PS)N 1s assigned in the approximate method. -
In the exact nomographic solutions, (Plo/Pg)N can be entered on line F <

of figure 5. This figure gives the solution for equation (5).

Assumptions for Nomographic Methods

The three nomographic solutions for net thrust depend on the fol-
lowing assumptions:

TRAC

(1) The mass, energy, and nature of combustion products are repre-
sented at any point in the stream by the equlvalent sir specific-impulse B
value.

(2) Values of air specific impulse and ratio of specific heats are
constant across the flameholder and alsc from the end of the combustion
zone to the exit of the exhaust nozzle.

(3) The afterburner cross-sectional area is constant from the inlet
to the exhaust-nozzle inlet.

(4) All energy and mass additions occur with negligible friction
downstream of the flameholder and upstream of the exhaust nozzle. The
complete afterburner friction loss 1s represented by flameholder and
exhaust-nozzle total-pressure ratios.

The exsct nomographic method of figures 3 to 6 computes the net
thrust produced hy expanding exhaust gases to a Mach number of 1.0 at the
exit of a convergent nozzle. The net thrust for expansion of conmbustion
products tc the ambient static pressure at the exhaust-nozzle exit can be
calculated with the exact nomographic method of figures 3, 4, 5, and 7.

Figures 1 and 2 are an approximate nomographic method for computing
the net thrust obtained by expanding exhaust products to unit Mach num-
ber at the nozzle exit. This method can be used for guick, approximate
comparisons of performances of afterburner fuels. The approximate nomo-
graphic solution depends on the assumptions for the exact methods, and
it 1s also restricted to the following assumptions:

(1) The average value for the aftefburner-inlet ratio of specific

heats is 1.325. .. o . o Tk

(2) The average afterburner-exit specific-heats ratio equals 1.275. -~

(3) The total-pressure ratio across the flameholder is 0.95.
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(4) The product of flameholder and exhsust-nozzle total-pressure
ratios equals 0.92.

Turbojet-Afterburner Fuel Performance

The net thrust of an entire engine can be calculated with these
nomographs by using ideal values of air specific impulse and specific-
heats ratio corresponding to combustion at the over-all equivalence ratio
of a blend of the primary and afterburner fuels. The over-all combustion
process ls assumed to occur at the afterburner combustlon pressure wilth
air at the turbojet-engine-inlet temperature.

Afterburner performance can be compared using the following
conventions:

Augmented net thrust ratio:

V
0

7 [Sa,lo /(P10:P0,710) - E'] (9)

n,egb _ egb

F - V,
n,e ]
’ [Sa,lo /(P10sP0sT10) - *g‘]
e
Augmented liquid ratio:
i+
P\w
Wr,esb _ L 8leab (10)
¥, e [ (W:)]
P\w_
gle
Specific fuel consumption:
W
3600 q:(-;\r—f->

3600 _ 5600w a/s] eab

sfc = = = —= = (11)
5, F, o
S /(P10sP0sY10) - =
a,10 / (F10,P0,710) = 271

Effects of combustion efficiency can be introduced in basic engine
and afterburner calculations with the following expression:

®ig
B = S, (12)
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where @33 and @g.. are ideal and actual equivalence ratios for a given

value of alr specific impulse. This is an approximate method which is
good. for high combustion efficiencies. '

DISCUSSION

Several methods are presented for computing Jjet-engine net thrust.
In these methods air specific-impulse data for various fuels are used to
account for the energy, mass, and nature of combustion products. Applica-
tion of the methods to turbojet-afterburner calculations is stressed.

Equation (2) is a general expression for net thrust. An approximate
equation for net thrust of exhaust gases expending through a choked con-
vergent nozzle, neglecting afterburner losses and variation of specific-
heats ratio, is presented in appendix C. An approximate nomographic
solution for expansion of combustion products t¢ Mach nunber 1.0 at the
exhaust-nozzle exit is shown in figures 1 anid@ 2.7 This method depends on
assumed values of flameholder and exhaust-nozzle total-pressure ratios -
and ratios of specific heats. -

An exact nomographic method for calculating net thrust obtained by
expanding exhaust gases to a Mach number of 1.0 at the nozzle exlt is
given in figures 3 to 6. This solutlon includes effects of combustion
products for various fuels and of afterburnér cotiponent efficilencies.

Figures 3, 4, 5, and 7 are an exact nomographic method for computing
net thrust for expansion of exhaust products to ambient static pressure
at the nozzle exit. These two exact nomographic solutions (figs. 3 to 6
end figs. 3, 4, 5, and 7) are identical with the exception of the function
j(Plo,po,rlo) in the net-thrust equation (compare egs. (3) and (4)). This

difference occurs between lines C and E of figures 6 and 7.

Examples

Two examples are given in detall in appendix C to show procedures
and differences in results cbtained with the three nomographic methods.
For a turbojet engine operating at condifions” Indicated by the following:
(1) an altitude of 30,000 feet, (2} a flight Mach number of 0.81, and
(3) & ratio of afterburner-inlet total Presgife to ambient static pressure
of 3.98, the followling results were computed for JP-4 fuel used in the
primery engine and afterburner: _

"TERE
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Calculation method

Approximate (figs. | Exact (figs. 3 | Exact (figs. 3, 4,
1 and 2): expan- | to 6): expen- |5, and 7): expan-
sion to Mg = 1.0| sion to sion to Ppig = Pg

Mg = 1.0

Afterburner equivalence ratio, Pap

o 1.0 0 1.0 0 1.0
F .
n 1b thrust
;g, To air/sec 52.7 99.2 52.8 98.4 54.3 100.8
1b fuel[hr
sfc, Th Thrust 1.14 2.46 1.14 2.48 1.11 2.42
Fn eab
—_—— 1.88 1.86 1.86
F
n,e
W.
—f,eab 4.05 4.05 4.05
Ve e
2

The results give good agreement for this particular example. However,
when the approximaste method for expansion to Mach number 1.0 is used for
specific afterburner problems, the assumptions of the solution should be
checked carefully against the actual component efficiencies. The agree-
ment of resulits computed for complete expansion with those for a nozzle-
exit Mach number of 1.0 stems from the low ratlio of afterburner-inlet
total pressure to ambient static pressure.

The second example was selected to show the differences in net
thrusts calculated with the two exact nomographic methods for a turbojet
engine operating with a high pressure ratio. Velues of all of the varia-
bles are given in appendix C; the following values indicate the operating
conditions of the turbojet engine and afterburner using JP-4 fuel: (1)

a flight altitude of 50,000 feet, (2) a flight Mach number of 2.5, and
(3) a ratio of afterburner-inlet total pressure to ambient static pres-
sure of 19.04. The following results were computed:
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Calculastion method

Exact (figs. 3 | Exact (figs. 3, 4,
to 6): expan- |5, and 7): expan-
sion to sion to p =P

Afterburner equivalence ratio, Pap

0 1.0 0 1.0

F
—n 1b thrust 29.6 |[89.4 43.5 | 112.8

wa’ 1b air/sec

1b fuel/hr
sfc, o thrust 1.96 } 2.73 1.33 2.16

7
_n,eab 3.02 2.59

Fn,e

W
_f,eadb 4.20 4.20
Ve e
J

The expansion of exhaust gases to amblent statlc pressure rather
than to Mach number 1.0 produced 47- and 28-percent increases in net
thrust for afterburner equivalence ratlos of O and 1.0, respectively.

The corresponding decreases in specific fuel consumption are 32 and 21
percent. However, the advantages would be attended by increases 1n noz-
zle weight, drag, and complexity. The best performance would be obtained
using a compromise based on these factors and net thrust. _ o

Flgures

The meanings and uses of the figures are discussed briefly in the
followlng outline. - . : .

Figure 1. - Figures 1 and 2 comprise the approximate nomographic
method for determining turbojet-afterburner net thrust for expansion of
combustlon products to a nozzle-exit Mach number of 1.0. Simplifying
assumptions in this method are vz = vg = 1.325; vg = Y10 = 1.275;
(Pg/P5)y = 0.95; and (Pg/Pg)y (P1o/Pg)y = 0.92. Figure 1 computes the
functions of specific-heats ratio and Mach number, upstreem /({vg,Mg)y
and downstream ‘f(rg,Mg)M of the afterburner combustion zone, required

rrRC
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to calculate the combustion total-pressure ratio (PQ/PG)M' The value of

afterburner combustion-zone-exit (exhaust-nozzle-inlet) Mach number Mg
is computed while determining /(rg,Mg)y-

Velues of afterburner-inlet Mach number Mg and of air specific
impulse upstream (Sa,s = Sa,S) and downstream (Sa,s = Sa,lo) of the after-

burner combustion zone are located on lines A, B, and D, respectively,
of figure 1. The straight lines are drawn in the order indicated by the
arrowheads and number sequence. Then the values of [f(vg,Mgly /(vg,Mg)y

end Mg can be read from lines A and E.

Figure 2. - Figure 2 calculates the value of net thrust divided by
the air-flow rate Fn/wa for expansion of gases to Mach number 1.0. In

figure 2, /(rg,Mgly and J(yg,Mg)y from figure 1, ratio of afterburner-
inlet total pressure to ambient static pressure P5/po, and air specific
impulse at the exhaust-nozzle throat (Sa,lo = Sa,g for frozen-composition

expansion) are located on lines A, B, D, and F, respectively. For the
nonafterburning case (but with afterburner in place) f(vg,Mg)y =

S(rg:Mg)ys (Po/Pgly = 1.0, and S, 5= S5 g = Sa,9 = 8g,10-
With the straight lines drawn as shown, the value of
Po .
Sa,10 l:l - f(r10) —%] is fixed on line G. The flight altitude and Mach

number My values (which remain unchanged for the afterburning and non-

afterburning cases when augmented thrust ratios are computed) are placed
on lines H and K, respectively. Then the appropriate straight lines sre
drawn beginning with the altitude on H, passing through My on K, and

intersecting line L; then connecting the intersection on L with
Po
8a,10 {1 - f(r10) Tog on G. Finally, the value of F_/w, can be read

from line I (if the high-range scales were used on lines F and G) or
line J (if low-range scales were used).

Figure 3. -~ Figures 3 to 6 are the exact nomographic method for
determining turbojet-afterburner net thrust produced by expanding exhaust
products to a Mach number of 1.0 at the nozzle exit. Figures 3, 4, 5, and
7 are the exact pomographic solution for turbojet-afterburner net thrust
obtained with complete expansion of combustion products. Figure 3 yields
values of total-pressure ratio across the flameholder (Pg/Pg)w and Mach

number)downstream of the flameholder Mg (combustion-zone-inlet Mach
number) .
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The ratio of specific heats at the afterburner inlet Ys and the
flameholder drag coefficient (CD AP/q) are located on lines A and D.
The value of afterburner-iniet Mach number Mg is placed on lines B and
F. With the straight lines drawn as- indicated, the value of (PG/PS)F-
l1s given on line E; then Mg can be read from line G.

Figure 4. - Figure 4 computes values of /(yg,Mgly, /(rg,Mg)y, snd
Mg 1in & manner similar toc that of figure 1, but without the assumptions
of values of flameholder total-pressure ratio and inlet and exit ratios
of specific heats that were made to simplify figure 1. In figure 4 the
values of Yg = 75, Mg, Sq,6 = 8g,5; 83,9 = Bg,10» 803 Y9 = Vio &re

located on lines A, B, E, G , and K, respectlvely The straight lines.
are drawn as shown, where all lines are constructed without requiring

the points for the values of f(rg,Mg)y and /{yg,Mg)y of lines D and

H, respectively. These functions are obtained by extending the first .
and last straight lines of figure 4 to intersect 1ines D amd H,
respectively.

If 1t is desired, the afterburner combustion-zone-exit Mach number

Mg can be read from line J. Values of /[f(yg,Mg)y &nd- f(Yg;Mg)M, which

are used in figure 5 to compute (PQ/PG)NU can be obtained from lines D
and H.

Figure 5. - Figure 5 yields either the value of exhaust-nozzle-
throat total pressure PlO or the ratioc of. exhaust-nozzle-throat total
pressure to ambient static pressure PlO/PO The functions f(rG,MG)M
and f(rg,Mg)y from figure 4, (Pg/Pslyp from figure 3, the assumed .,
nozzle total-pressure ratio (Plo/Pg)N, and either the afterburner- inlet
total pressure Py or the ratio of afterburner-inlet total pressure to
ambient static pressure Pg/py are located on lines A, B, D, F, and H,
respectively, of figure 5. Agains for the nonafterburning case, :

f(re:Mg)y = f(vgsMg)y, and (Pg/Pgly = 1.0.

With the stralght lines constructed as shown, elther Pig or
Pio/Pg can be read from line I.

Figures 6. - Figures 6 are the same nomograph showlng calculations
for the two examples. This nomograph yields the value of Fn/wa for

r

expanslon of exhaust gases to & nozzle-exilt Mach number of 1.0 as computed
by the exact nomographic method. Figures 6 sre identical with figure 2
for lines E to L; therefore, this part of figures 6 is not described here.
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% PlO was computed with figure 5, its value i1s located on line B

of figures 6. Then either the altitude or the ambient pressure is pleced
on line A. A straight line drawn through these two points gives the value
of po/Pjp on line C. If Pyo/py was calculated with figure 5, its

value is entered on line C, and lines A and B are not used. Then,
Y10 = Yg 1s located on line D; the short length of 1line D, representing

a range of Yjg from 1.21 to 1.35, indicates the small effect of vy,
veriation on the value of f(rjp) in equation (3). A straight line drawn

’ P
through PO/PlO on C and yqg9 on D yields the value of [} - f(Ylo) ﬁg{]
10
at the intersection with line E. ’

From this point on the procedures are identical with those for fig-

ure 2. The value for Fh/wg can be read from either line I or line J,

depending on whether high or low scales were used on lines F and G.

Figures 7. - Figures 7 show the exact nomographic calculations, for
the two examples, of Fn/wa produced by complete expansion of exhaust

products. These two nomographs are identical and differ from figures 6
only between lines C and E. The points of similarity are not repeated.

After po/P;y is determined on line C of figures 7, its value is
located on line C', which crosses line E. Then the value of 7115 1s

placed on line D, and a straight line is drawn through the points on lines
D and C' to intersect line E at the value of /(Pjg,PgsY70)+ From this

point, procedures are identical with those of figures 2 and 6.

The augmented net thrust ratio can be obtained by dividing F,/w,
for the turbojet engine with afterburning by F,/w, for the turbojet
engine without afterburning (eq. (9)). Thermodynamic data for combustion
of various fuels must be used with the nomographs and equations (9) to
(11) to calculate augmented net thrust ratio, augmented liguid ratio, and
specific fuel consumption. Some of these data were obtained from refer-
ences 1 to 3. ’

' However, to simplify turbojet-afterburner calculations; these and
new thermodynemic data were collected and are presented in graphical forms
convenient for afterburner analyses.

Figure 8. -~ In figure 8 afterburner equivalence ratio ¢aE,ab is

given as & function of ideal primery-combustor equivalence ratio
P14, e (= B, e ¢ac,e) and over-all equivalence ratlo @gc egp+ The

o
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A

assunption for this figure is that all unburned fuel entering the after-
burner is charged to the afterburner fuel quantity.

Figure 9. - Variations of over-all stoichiometric fuel-air ratio
(Wf/wa;s,eab with primary-combustor equivalence ratioc using JP-4 primary

fuel (@ac e) and with over-gll equivalence ratioc are given in figure 9.

These values are given for a 60 percent magnesium slurry in JP-4,
pentaborane, and JP-4 afterburner fuels. The value of (wp/wg) s,eab 18

required to solve equations (10) and (11).

1662

Figure 10. - Figure 10 shows the varlation of weight fraction of non- -
JP-4 fuel in the over-all fuel mixture with actual primary-combustor :
equivalence ratio using JP-4 primary fuel and with over-all equivalence
ratio. The afterburner fuels for which these data are given are a 60 .
percent magnesium slurry in JP-4 fuel and pentaborane.

Figures 8, 9, and 10 give relations to obtain values of equivalence
ratio, stoichiometric fuel-air ratio, and weight fraction of non-JP-4
fuel for the over-all fuel mixture from similar variables for the sepa-
rate fuels in the afterburner and in the primary combustors (JP-4 fuel).
This is done because the ideal thermodynamic properties of the exhaust
gases leaving the afterburner can be treated as those that would result <
from burning & blend of the primery and afterburner fuels with ailr at the
engine-inlet total temperature (ref. 4). The thermodynamic properties
of the afterburner exhaust gases also depend on the static pressure at
that polint. . ) _n.m__j

Figure 11. - Figure 11 presents variations of combustion temperature
with equivalence ratio apd inlet-air temperature for JP-4 fuel combustion
at a pressure of 2 atmospheres. This figure ls used to convert given -
turbine-outlet temperature data to afterburner-inlet equivalence ratio
and air specific-impulse values required for the nomographic solutions.
The data for a pressure of 2 atmospheres can be used without correction,
because the pressure effect is negligible at low values of temperature
(or equivalence ratio) such as those at the turbine outlet (ref. 3).

Figure 12. - Variations of air specific impulse for slurries with
varying concentrations of magnesium in JP~4 fuel are given as functions
of equivalence ratio and inlet air temperstures for combustion at 2 at-
mospheres in figure 12. Corrections for pressures other then 2 atmos-
Pheres are given in.a later figure. The data for JP-4 fuel alone (zero
percent megnesium) can be used for afterburner-inlet (S, ,5 = Ba, )

and -outlet (Sa 9 = Sg, 10) &ir specific-impulse values, when JP-4 fuel .
is being used in the afterburner. When a 60 percent magnesium slurry in

JP-4 fuel 1s used as afterburner fuel, exit air specific-impulse values
(Sa,9 = Sa,10) can be obtained from figure 12 by interpolation. This

1nterpolat10n requires over-all values of equivalence ratio and weight
fraction of magnesium taken from figures 8 and 10, respectively. :
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Figure 13. - Figure 13 shows variatlions of air specific impulse with
equivalence ratio and inlet -air temperature for combustion at 2 atmos-
pheres of blends of several concentrations of pentaborane in JP-4 fuel.
The figure can be used, in a manner similar to that of figure 12, when
penteborane afterburner fuel is analyzed.

Ideal values of air specific impulse and temperature for combustion
at 2 atmospheres are obtained from figures 11 to 13 using over-all values
of equivalence ratio and fraction of non-JP-4 fuel from figures 8 and 1Q,
respectively.

Figure 14. - Alr specific impulse corrected for combustion pressure
is given in figure 14 as a function of air specific impulse for a combus-
tion pressure of 2 atmospheres. In general, no pressure corrections are
required for the relatively low air specific-impulse values corresponding
to afterburner-inlet conditions (ref. 3).

The data given in figures 8 to 14 are sufficient for calculations
using the spproximate nomograephic method (figs. 1 and 2). However, if
the exact nomographic methods are used, afterburner-inlet and -exit values
of specific-heats ratio (TS =Yg and TYg = Y0 respectively) are re-

gquired. Because the major variable of the calculation method is air
gpecific impulse, it is convenient to define the ratio of specific heats
as a function of air specific impulse.

Figure 15. - Figure 15 gives variations of specific-heats ratio for
ideal combustlion products of JP-4 fuel and of slurries of 25 and 50 per-
cent megnesium in JP-4 fuel. For any one of these compositions the value
of specific-heats ratio is defined by the intersection of any two of the
lines for constant ailr specific impulse, equivalence ratio, and tempera-
ture. Ratlios of specific heats for over-all magnesium weight fractions
below 50 percent can be obtained by interpolation between values for O
and 25 percent or 25 and 50 percent magnesium.

Figure 16. - Variations of specific-heats ratio with air specific
impulse and penteborane concentration (for ideal exhaust products at the
ideal combustion temperatures) for blends of pentaborane and JP-4 fuel
are given in figure 16. The data in figure 16 are for combustion with
a 100° F inlet- air temperature at a combustion pressure of 2
atmospheres.

CONCLUDING REMARKS

Methods were derived to compute jet-engine net thrust using air
specific-impulse data for various fuels. Solutions for the methods
treating expansion of cambustion products to a Mach number of 1.0 and
to the ambient static pressure at the exhasust-nozzle exit are presented
in nomogrephic form. The ranges of varigsbles for the nomographs were
selected to apply to turbojet-afterburner caleulations.
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Two examples are given to show procedures and differences in net
thrusts computed using the nomographic methods. For a turbojet engine
operating at (1) an altitude of 50,000 feet, (2) a flight Mach number
of 2.5, (3) a ratio of afterburner-inlet total pressure to smbient static
pressure of 13.04, and (4) with JP-4 fuel burned in primary engine and
afterburner, expansion of exhaust gases to amblent static pressure,
rather than to a Mach number of 1.0 at the nozzle exit, gave the follow-
ing computed changes:

Afterburner | Percent increase | Percent decreéase
equivalence | in net thrust in specific fuel
regtio, consumption

Pab

0] 47 32

1.0 26 21

These values do not indicate effects of nozzle welght, drag, and -
complexity. e o e

Thermodynamic date for ideal cambustion of several fuels were cdl-
lected or calculated and are presented in graphical form for convenient
use in turbojet-afterburner calculations.

Jewis Flight Propulsion Laborastory
National Advisory Committee for Aercmautics
Cleveland, Ohlo, January 27, 1956

TRAS
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APPENDIX A
SYMBOLS
A area, sq ft
a sonic velocity, ft/sec
: AP AP
Cp drag coefficient, i JL.pVZ
ag
Fy net thrust, Ib
S/ function

gravitational constant, 32.17 ft/sec2

M Mach nunmber

m mass rate, slugs/éec

n point number

P total pressure, lb/sq £t abs

P static pressure, l'b/sq ft dbs

a dynamic pressure, lb/éq 't

R gas constant, ft-1b/(1b gae)(°R)

Sq air sgpecific impulse, 1b stream thrust/(lb air/éec) at M=1

Sp fuel specific impulse, 1b thrust/(1b fuel/sec)

sfc  specific fuel consumption, (1b fuel/hr)/lb thrust

T total temperature, °R

t static temperature, °R

v velocity, ft/éec

W fluid weight rate, lb/sec
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X weight fraction of condensed phase =
Y ratio of specific heats - - - : <
B combustion efficiency

0 density, 1b/cu ft

P equivalence. ratio . N . - lg%:
Subscripts:

a air - ; —
ab afterburner L oL N o e
ac actual value

e engine without afterburning (using afterburner es tallpipe) .
eab _engine with afterburning

F friction (or flameholder) i

f fuel c e oo e e e . — S
ia ideal value

M momentum (heat addition)

N nczzle e Iz
8 stoichiometric ;
t total . . .



-

UAmD LHG

NACA RM ES6A23 S 19

10

ambient location

at compressor inlet
at afterburner inlet

downstream of afterburner flameholder (afterburner combustion-zone
inlet)

at nozzle inlet (afterburner combustion-zone exit)

at nozzle exit
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APPENDIX B
DERIVATIONS
The following are derivations of the final expressions (egs. (2)

to (8)) used to solve the afterburner performance problem:

Alr Specific Impulse

By definition,

where V=8 or. M= 1.0. Then R L —.
PA DA Ve
Sa=wa(l+7)=§-'g 1+;;(1+y)

But

pA _ 1 1 -x)Rt 1 (1 - X)RT _[4f2(1 - x)RT
we - M ‘Vﬁ_ﬁl_—M/\/;g(l.;.Ié1M2>_<VT(1+Y)g>kl.0

where R 1s equal to the universal gas constant divided by the average
molecular weight of the gases alone. This is equilvalent to considering
s0lid or 1liquid pheses to possess zerc volume or infinite molecular

welght. Therefore,

W w
_ i 2(1 - x)RT _ £ 2(1 + v)(1 - x)RT
Sg = <% + ;;)(l +7) q/r Tr e - <} + ;;) —

(B1)

Net Thrust
By definition, .- S e,

Fy = mpoVig - moVo + A1o(P1p - Po) (1)

Te6e
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T _moV10 * Profio  Pofio  ToVo _ Pickiof | a2 20\ Yo
. Va Vg Vg, W lOM 10  »pip £
710
=
W [ (1- -Xy, )R T107L 2 10-1 v
=(1+ £,10) 1 10110 L ry i - (1+ 10”2 PO() .0
Vg, 1Q ]_OVY g(l+_3:_o-_M]2.> 10/| &

Then, the general expression for net thrust at any nozzle-exit Mach num-
ber is

T

10
T
F S -1, \T10™ ¢ v,

n a,10 2 10 0 0
2= 1+ 1+ ———M =l- =
ey oL g T1oMo - ( 10) F0l”

M; o M2(147170) l+———M2 %o
(2)
Assuming M;q = 1.0,
" _ g Pt Yo
wa - a,lO W, g
-5 lO_PomI(l 10'R10t10 Vo
& P10va'\ T108 g
TlO
-
1+ 10” 2(1 - x. )R T v
=SalO"P< TlO l+5> R T T
P10 T10{l + 710} & g
Therefore,
1
Tio-1
Fn (1+70) 9 py |V,
_— = ol - - = (3)
va % 710 Pio| &
T10-1
(2) 10
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The general expression for net thrust reduces to the following

equegtion:
( S Vlo Yo /. ff)aloMlo _ Y
W, g g

for complete expansion of exhaust gases, where

Pio = Po
The nozzle~exit Mach number is given by

Ti0™t Y107+
T T
Mg = E&§) 0 Plo 0 2 _
P10 T 10 - Tio- 1 Tio0 - 1

whlle the corresponding sonic velacity is

(1-x, )R a8 -xgIRioT o8t - X 0)R T
4Y10g 10°F10%10 = Yo - T .2 =
1+ =M 1107
Pio\ Y10
P1
Then, ' A
w Ylo“l
F (l + :—'g') P Ti0 (l )R T v
n_ “ra_ ( lO) o1 2 Ylog - xlo 10510 ] —9
Wa & Po TlO -1 TlO"l -
Pio\ T10
Do
V107t T1i0-L
- 2 T z
= +Ef>4/b(l+rlo)(l %10/R10T10 | Y10 (:16) 10 1 Po > 10 ) XQ
"a Y108 ¥2 -1 |[\Po o z
10”
T10-1
2 1o

- a0 ol —<fo l -2 (4)
va T E -1l Vo g

1669
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Flameholder Total-Pressure Ratio

Assuming an adiabatic flow process with equal areas before and after
the flameholder and the definition of flameholder drag coefficient,

AP P5 - Pg  2rseRsts(Ps - Pg)

cn = 28 -
D 2 2
d P5VE T5P5VE
2g
- re
T=-1
5
Ye = 1
5
(-3 o+ 2o )
Fs T5Me
L
But
Te i Tg |
-1 T
( Tg - 1 )YG vg-1 e
E_Pﬁl""_z—Mg _ FeMshs  [(1 - Xg)Reterse (\1 + 4
Ps5 Ts5  wsMghs |/ (1 - X5)R5tsreg 5
YTe-1 Ts-1
vg - 1 5 rs-1 S
P5 1 + 5 Mg 1 + > Mg
B TgHl
2(rp-1)
Yg - 1 e
M5 , (1 - xg)Rers |\1 + —5— M
- Ms (l - XS YRSYG Y5+l
2(re-1)
Ys - 1 v5-1
R Mg
[ .

assuming Tg = Tg. And, since over the range of conditions to be used,
Rg = Rg, x5 = Xg, and 715 = Yg can be assumed,
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T+l
5

Bg Mgl —m— M

P "

5 Mg 15 M%

1+ 5

Substituting in the equation for Cp yilelds the drag coefficlent as a
function of Mz and Mg:

Ys - 1 2(75-15 Y5 - 1 TS-l
oo | ¥ 1+ = M 2\l + —=5— ME
b e i 1+T52-1M§; r5¥E
L .

And, rearranging the equation for CD,

r5+l
YS - ] o 2[T5“l} ~ =
(Pe)_Ms PH—a— M _1.s rsME
Fs/rp Y5 1 75'11% D Ts
g To-1
5 - 1 S
21+——2-——M§
L §

(8)

Combustion-Zone-Exit (Nozzle-Inlet) Mach Number

Assuming constent-area frictionless flow in the combustion zone,

pell + TgM8) = po(l + TgM5)

v_v'§ (1 - xs)R

Mg Te8

(N w, |(3 - x9)39t9

6 9
(1 + reMg) - rog (1 + reM3)

~ 166¢
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(1 . E) (1 - xs)RiTs <1 + rsh%)
Yal/6 7'6(1 + e - M%)g Mg

a
) (1 . i"!‘-:) (1 - xg)RgTq <1 + rgmg>
Ya/9 g -1 ¥y

Yo (1 - M§>g

Then,

2(1 + 1g) (1 - xg)RgTg T8
To8 2(1 + vg)(1 - xg)Rglg

And, substituting S, for its identity,

(7)

v 1+ B T Ms\/1+ St 1+rs<§a,9)

1+‘r9}«€ 1+r6M§ 1+ 79 \Bq,6

Combustlon~Zone Total-Pressure Ratio

Assuming constent-area frictionless flow in the combustion zone,

pg(l + Y‘gf’%) = pg(l + TsMé)

and
Yg
_1
2 Yo -t o
(E) (e —5— (o)
Pe/m Y6
Tg~1

-1

(1 + ngg)(l NG »%)
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APPENDIX C

USE OF NOMOGRAFHIC SOLUTIONS

Befo?e giving solutions for two afterburner problems by the three
nomogrephic methods (figs. 1 to 7), two spproximete forms of equation (3)
should be mentioned. As was indicated in the equation for net thrust

produced by expsnsion of exhaust products to a nozzle-exit Mach number of

1.0,

F
1 v
n,l90 =S _ O o
Vg a,l_O 1 /(Ylo) P_]_O - g (3)

the function of the specific-heats ratio at the exhaust-nozzle throat

1
Y101

(L + TlO)
710
-1

(2)"29

f(Ylo) =

varies from 0.793 at 719 = 1.345 to 0.803 at 71,0 = 1.225.

Therefore, an excellent approximation of the net thrust expression
is given by the following equation:

F P v
-n,10 _ Se 10 {1 - 0.8 59_ .9
Va ’ 10 g

This is the basic equation used in the epproximate nomographic method
(figs. 1 and 2).

The effects of neglecting afterburner total-pressgure losses can be
indicated by considering the following qpp:oximgte equation:

F e} Vv
—n,10 _ 4 10 (1 - 0.8 0)y_ 0
wa a, N Ps g
and examining the error
D b
0.8 (x> - &
10 S
P
1l - 0.8-§9—
10
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This would be the error in Fn 10 for a choked convergent exhsust nozzle
2

vhen Vg = 0.

If the following afterburner-component total-pressure ratios existed
but were neglected:

(Pg/P5)p = 0.94
(PS/P6)M = 1.0 (no efterburning) to 0.93 (at unit equivalence ratio)

(P10/Bg)y = 0.97

the following ranges of errors would occur at the specified ratios of
turbine-outlet total pressure to ambient pressure PB/?O:

0.8 P_O_ - E
Ps5 Pi1o Fs
— | 100x% y bercent
Po Po
1- 0.8 oo
10
No Unit
afterburning | equivalence
ratio
2 8.1 14.1
5 1.95 3.7
10 .88 1.66
20 .47 .78

If Vp did not equal zero, the errors in Fn,lO would be larger than
those shown.

Most current turbojet engines fall in the Pb/bo range from 2 to

5, where errors caused by neglecting afterburner losses are large.
Therefore, some method is required to yleld afterburner-component total-
pressure ratios. The nomographic solutions that are described herein
simplify and combine the calculations for afterburner losses and, in
turn, yield solutions to the basic net thrust equations.

Becsuse the details of procedures and operations of the nomographic
solutions complicate an introduction to the methods, they are given in a
later section. The solutions of two afterburner problems are presented
first to reveal the general epplicetion of the nomographic methods. The
following examples illustrate the use of figures 1 to 7:



28 L]

NACA RM ES6A23

Values of Fn/Wa and sfc (with and without afterburning) and aug-

mented ratios of net thrust and liquid weight for afterburning at unit
equivalence ratio are to be predicted for a turbojet engine.

following data were obtained in simulated_flight

Altitude, £t « v « « o o . . 4 .

Flight Mach number, Mg . . . « « .« + « ¢« « o « .«

Compressor-inlet total temperature, T,, °R . .
Afterburner-inlet total temperature, Tg, R . . .

Afterburner-inlet total pressure, Psg, Ib/sq £t

Afterburner-inlet Mach number, M; .

Engine combustion efficiency, np o + + « « « &
b

Fuel . & ¢ ¢ ¢ ¢ ¢« o s o ¢« v o o s @

The predicted afterburner characteristics are as

Flameholder drag coefficient, AEYQ .

Afterburner eguivalence ratio, o * *
Afterburner combustion efficiency, ng .y
b4

Nozzle total-pressure ratio, (Pio/Pgly -

Fuel v ¢ ¢ ¢ 4 ¢ o o o a o« « o s o »

With the preceding values and the thermodynamic dats
¢ from figures 11, 12, and 15 (or cowbinations of figs. 13, 14, and 18),

the following values are obtained:

Ve
— = 0.0678
Wa /s

919, = 0-242

Then, using equation (12),

_ 0.242

(pac’e had 0.98 = 0.247

Sa’s = 100

®1q,eep = 0-242 + 0.85(1 - 0.242) = 0.886

Ve, eab 1.0

Augmented liquid ratio =

Wf’e - Ot 247

= 4.05.

‘\"5 = 1.33

abs

tests:

The

30,000
0.81
. 460
1660
2500
0.22
0.98

. . JP-¢ (octene-1)

relating

. 2.0
. 1.0

0.85

0.97
JP-4

Sas ¥, and

1662
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Solution by Approximate Nomographic Method (Figs. 1 and 2)
The following are the assumptions for the approximate method:

(l) Mass and energy contents of stream at any point are represented
by the equivalent alr specific-impulse value.

(2) Air specifié impulse and ratio of specific heaté are constant
both before and after the combustlion zone.

(3) The afterburner cross-sectional sres 1s constant from the inlet
to the exhaust-nozzle inlet.

(4) All energy end mass additions occur with negligible friction
downstream of the flameholder and upstream of the nozzle.

(5) A convergent exhaust nozzle with unit throat Mach number is used.

(6) The value of the afterburner-inlet ratio of specific heats is
1.325. h

(7) The afterburner-exit specific-heats ratio is 1.275.
(8) The total-pressure ratio across the flameholder is 0.95.

(9) The product of the flameholder and exhaust-nozzle total-pressure
ratios (representing all assumed friction losses) is 0.92.

Determination of net thrust with afterburning. -

(A) Solution for total-pressure ratio across combustion zone
(Po/Bg)y:

(1) Locate the value (1l.4,) for Mg (0.22) on the left scale of line
A of figure 1.

(2) Place a point (2.4,) on line B of figure 1 at 100, the value of
8g,5 = Sa,6°

(3) Draw a straight line through the two points (lggy and 2ggp)
to intersect line C at point 34,

(&) Locate Sa,9 = Sa,10 = 163 on line D of figure 1 (point 4eab)'

(5) Construct a straight line through points 35, and 4.4y
crossing line E of figure 1 at point Sggp.
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(6) Read the value of /(yg,Mg)y from the right scale of line A of
figure 1 and locate the corresponding point [/ (vg,Mg)y = 1.034] on line
A of figure 2 (polnt 64y ).

(7) Place a point (7.4,) on line B of figure 2 at Jf(rg,Mg)y = 1.104,
which is the value given by the left scale of line E of figure 1.

(8) Draw a straight line through points Bogh 8n4 Tgg, to inter-
sect 1line C at point 8eaps Which gives the total-pressure ratio across
the combustion zone (Py/Pg)y as 0.937.

(B) Determination of J(Piq,Pg;T10) = [1 - 0.8 (po/P10)]:

9) At 30,000 feet pp = 629 pounds per square foot gbsolute and
E 0
Ps/po = 3.98; locate this value on line D of figure 2 (point 9gg1)-

(10) Construct a straight line through points 8., and 9., Ccross-

P
ing line E at point 10g.y,, which indicates that l:l - f(r10) i,-%{l = 0.766.

Y
0
(C) Solution for value of f(sa,lo,Plo,Po,Tlo) = Sa,lo (1 - 0.8 ‘m):

o ft(ll)lzﬁace a point (1l,.,) on line F of figure 2 at Sg,10 = 163
eft scale).

(12) Drew a straight line through points 10gq, and 1lgg, to

intersect line G at point 12.qp, where S 19 [1 - f(r10) ilj' = 124.2.
10

(D) Determination of Vq/g:

(13) TLocate the altitude of 30,000 feet on the left scale of line H
(point 13egp), which gives the ambient sonic velocity ag (995).

(14) Place a point (14g4,) on line K of figure 2 at the value of the
flight Mach number (MO = 0.81).

(15) Construct a straight line through points 13g4, and 14ggp
intersecting line L of figure 2 at the value VO/g = 25.0 (point 15.gp).

1668
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(E) Solution for value of net thrust = /(Sy 10,P10sP0s¥105V0):

(16) Finally, draw a straight line between points 12
crossing line I at point 16_.,,, which yields the answer,

eab &nd  1S5gqy

F v,
n_ 2o o _
Wa = Sa,lo [1 -f(T]_O) 'P—l'a'] - z = 99.2

Determination of net thrust without afterburning. -

P
(A) Solution for value of -f(PlO!PO’TlO) = (} - 0.8 §§6):

(1) Locate point 1, on line C of figure 2 where with no after-
burning (Pg/Pg)y = 1.0.
(2) Point 2, on line D is identical with 9gg, (Ps/bo = 3.98).

(5) Draw a straight line through points 1, and 2, intersecting
line E, /(Pyg,PosT10)s 8t point 3g.

: Po
(B) Determinastion of value of /{Sa,lO’PlO’PO:TlO)==Sa,lo(%' 0.8 §16):

(4) Tocate Sy 310 = 5,9 = Sa,6 = Sa,5 = 100 on line F of figure 2
using the right scale (point 4.).

(5) Construct a straight line through 3., and 4, to point 5. on
line G, f(Sa,lo,Plo,po,rlo) = 77.7 (on right scale).

(C) Solution for value of Vy/g:

(8) Points 64, 7o, and 8, on figure 2 are identical with points
l3eab’ l4’eab’ and 15ea_-b .

(D) Determination of net thrust = f(Sa,lOJPlOJPO:TlO’VC):
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(7) Draw a straight line comnecting points 5 and 8

and crossing .
line J at the answer (point 9.},

e e

F P V,
n 0 0
2. g 1 -f(rn) == | - —= = 52.7
Wé 3,10 [ 10 Plo =3
Results. - The results for the approximaste nomographic solution for .
MlO = 1.0 are as follows: o %.
- - ©
F =
— ) =52.7 1b thrust/(1b air/sec)
Ya/e
Fn
-= = 99.2 1b thrust/(1b air/sec)
W
a /eab
_ (0.247)(0.0678)(3600) _ :
sfc_ = 5 = 1.14 (1b fuel/hr)/1b thrust
(eq. (11)) -
. 0.0678) (3600
sfCepp = ( 99?g ) . 2.46 (10 fuel/br)/1b thrust

F W .
n,eab _ 99.2 _ g5 at —12%80 . 405  {egs. (9) and (10))
Fn e 52-7 Wf e
3 2

Solution by Exact Nomographic Method for Mjg = 1.0 (Figs. 3 to 6)
The following are the assumptions for the exact nomographic method:

(1) The mass and energy contents of the stream at any point are
represented by the equivalent air specific-impulse value.

(2) Air specific impulse and ratio of specific heats are constant
both before and after the combustion zone.

(3) The afterburner cross-sectional area is constant from the inlet
(upstream of the flameholder) to the exhaust-nozzle inlet (combustion-
zone exit).

(4) A1l energy and mass additions occur with negligible friction
downstream of the flameholder and upstream of the nozzle. \

(5) A convergent exhasust nozzle with unit throat Mach number is used.
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Determination of net thrust with afterburning. -

(4) solution for value of (Pg/Pg)g:
(1) On line A of figure 3 locate point 1,5, &t Y5 = 1.33.
(2) Place the value Mg = 0.22 on line B (point 2g4)-

(3) Draw a straight line through points lgg, and 2gg, t0 3ggps
the intersection with line C of figure 3.

(4) Locate the drag coefficient AP/q = 2.0 on line D (point 4gqp)-

(5) Conmstruct a straight line through points 3.4, and 4.4, tO
intersect line E of figure 3 at the total-pressure ratio across the flame-
holder (Pg/Ps)y = 0.937 (point 5gg)-

(B) Solution for value of Mg:

(6) Mark the point Mg = 0.22 on line F of figure 3 at 6gg-

(7) Draw a straight line through points 5.5, and 6g5, crossing
line G of figure 3 at Mg = 0.236, which is point 7.

. (?) Determination of values of Mg, f(vrg,Mg), and J/(rg,My) to give
Py /P :
9f-6/M*

(8) Locate point 8.5, &t Tg =715 = 1.33 on line A of figure 4.

(9) Place the value Mg = 0.236 (from line G of fig. 3) on line B
of figure 4 at point O.4,.

(10) Draw a straight line through points 8
sect 10 on line C.

eab and 9. to inter-

eab

(11) Extend this straight line to cross line D of figure 4 at point
11.gp, where JS(rg,Mg)y = 1.035.

L élz) Locate the value of §, g = Sg,5 = 100 at point 1255, on
ine E.

(13) Construct a straight line passing through points 10y, and
12,4, @and crossing line F at point 13,4
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(14) Place point 14 on line G at §, g = 163.

eab

(15) Draw a straight line through poimts 13,5, and 14, to

intersect line I at polnt 15,4,

ure 4.

(16) Mark the value yg = 1.256 .at point 1seab on line K of fig-

(17) Construct a stralght line through points 15,5, and lee&b to
cross line J at point 17,4, which gives Mg = 0.455, if the value of
that varieble is desired.

(18) Extend this straight line to :Lntersect line H &t point 18

b2
where /{rg,Mg)y = 1.1075. ==

(D) Solution for value of (?Q/PG)M:

(19) Locate the value f(yg,Mg) = 1.035 (from line D on fig. 4) on

line A of figure 5. as point lgeab'

(20) Place [f(rg,M,) = 1.1075 (from line H of fig. 4) on line B of
figure 5 at point 204,

(21) Draw a straight line through points 19,4, 8nd 204y, to
intersect line C at point 2lgg,, giving the value of the total-pressure
ratio across the combustion zone (Pg/Pg)y = 0.9347.

(E) solution for the value of (Plo/PS)F,M,N:

(22) Locate (Pg/Pgly = 0.937 (from line E on fig. 3) on line D of
figure S5 as polnt 22.4,. :

(23) Construct a stralght line passing through points 2l.,, and
22o4, &nd crossing line E at point 23gg,, where (Pg/P5)p y = 0.876.

(24) Mark the nozzle total-pressure ratio (Plo/Pg)N = 0.97 at point
2455, On line F of figure 5.

(25) Draw a straight line through points 23,5, and 2444, to
intersect line G at point 25,4, where the total-pressure ratio across
P = 0.851. T
the afterburner is given as (Pg/ S)F,M,N 51

naaa

. 166¢S |
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(F) Determination of values of py/Pyq:

(26) If the afterburner-inlet total pressure (P = 2500 1b/sq £t abs)
is known, locate that value at polnt 26,,, on line H of figure 5 (using
the left scale). If the pressure ratio Pg/py = 3.98 is known, mark it
as point 26l,;, on line H (using the right scale).

(27) Comstruct a straight line through points 25,4, and 264y, Or
25¢gp &8nd 26%g, to intersect line I of figure 5 at elther point 27,4,
where P;q = 2130 pounds per square foot sbsolute (right scale) or point
27 gy where (PlO/PO) = 3.38 (left scale), respectively.

(28) If Py wes determined at point 27..,, locate the altitude

of 30,000 feet (or the ambient pressure, if known) on line A of Ffigure
6(a) at point 28 g -

(29) Place a point 29,4, on line B at Py = 2130 pounds per square
foot absolute (from line I, point 274, of fig. 5).

(30) Draw a straight line through points 28.45, and 2954, tO
cross line C of figure 6(a) at point 30gghs &lving PO/Plo = 0.297. If
PlO/PO was Qetermined as point 27é&b on line I of figure 5, enter it
on line C of figure 6(a) using the left scale.

P
(G) Solution for the value of [1 - £(rp) %]:

31) Locate Y5 =Yg = 1.256 on line D of figure 6 at point 31 .
10 g eab

The length of this line shows the small effect of Y10 ©n the value of
/(r10) in equation (3).

(32) Conmstruct a straight line passing through points 30,4, and

3legp &nd crossing line E at point 3244, where [ -fkyio)_gga = 0.76.

(H) Determination of the value of Sa,10 [h - /(ry0) PlO

(33) Flace point 33gqp &6 Sy 10 = Sq,g = 163 on line F of
figure 6(a). ?
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(34) Draw a straight line through points 32¢gp 8nd 33,5, to inter-

b
sect line G at point 344, giving the value Sa,lo[;'/%Tio) E%é] =123.4,

(I) Solution for value of Vy/g:

(35) Locate the altitude (30,000 ft) on line H of figure 6(a) at
point 35_, , which gives the sonic velocity (right scale).

(36) Enter the value My = 0.81 as point 364, on line K of
figure 6(a).

(37) Construct a straight line through points 35,4, and 36,y
crossing line L at point 37,4, where Vg/g = 25.0.

(J) Determinstion of net thrust:

(38) Draw a straight line between points 3o and 37eab inter-~
secting line I of figure 6(a) at point 38,4, where the final result is

F P Vv
B _ - o {.-9_
glven as o= =8, 5 [1 £(ry0) ﬁa] T = 98.4.

Determination of net thrust without afterburning. -

(A) Solution for velue of (Pyn/Pg):

(1) The following points for the engine with and without afterburning
are identical: .

Figure 3: 1e .and leab’ Ze and zeab’ Se and Seeb? 2o and
4egby O 804 Sggns 6 8nd Gggp, and 7, and Teab-
Figure 5: 9, and 24,5, and 11, and 26g4, oOr ! and

zséab-

Figure 6(a): 13, and 284,y 20, and 35,1, 21y .and 36g.y,

and zze and 3Teab*

Therefore, no explanation will be given where these polnts are
encountered. : .

1662
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(2) Locate (Pg/Ps)p = (Pg/P5)p,y = 0-937 on line E of figure 5 at
point 8, (taken from point S5 on line E of fig. 3).

(3) Draw a straight line through points 8, and 9, to intersect
line G of figure 5 at point 10,, giving the afterburner total-pressure

ratio (PlO/PS)F,M,N = 0-91.
(B) Determination of value of po/Plo:

(4) Construct a straight line through points 10, and 11, (if Py
is used) or 10, and llé,(if PS/bo is used) to intersect line I of
figure 5 at point 12, (P;g = 2280 1b/sq ft abs) or point 12

(P10/po = 3.60), respectively.

(5) Place a point (14.) on line B of figure 6(a) at the value
Pio = 2280.

(6) Draw a straight line through points 13¢ and 14, to intersect
line C at 15., where pgo/Pjgy = 0.279. If Pyn/py was found on line I
of figure 5 (point 121), enter that value on line C of figure 6(a) using
the left scale.

P
(C) Solution for the value of |1 - /(¥yg) 2|,
P10

(7) Locate v1g = 7vg5 = 1.33 at point 16, on line D of figure 6(a).
(8) Conmstruct a straight line through points 15, and 16, inter-

P
secting line E at point 17,, giving the value [} -/KYio) ié%i] = 0.778.
1

b
(D) Determinstion of the value of 8a,10 [i _f(yio) fgq]:

(9) Enter the value 8, 10 =8y 5 =100 on line F at point 18,.

&,
(10) Draw a straight line through points 17, and 18, to cross

P
line G of figure 6(a) at point 19,, where Sa,lo[ 1 - f(rio0) §$6] = 77.8.
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(E) Solution for net thrust:

(11) Comstruct = straight line between points 19, and 22, inter-
secting line J of figure 6(a) at point 23, which gives the final answer,

F. Y -V
“n 0 o _
= Sa 10 [l - /(Ylo) P_-LO] - -é— = 52.8.

Vg,
Results. - The results for the exact nomographic method for
Mjg = 1.0 are the following:

F
<7’E*) = 52.8 1b thrust/(Ib air/sec)
aje
Fn
B = 98.4 1b thrust/(1b air/sec)
Ya/eab

otc, _ {o0.247)(0. 267@(360J 1.14 (1b ﬁ;elfhr)/lb thrust

(0.0678)(3600) (eq. (11))
98.4

sfCegp = = 2.48 (1b fuel/hr)/1b thrust

Fn,eab _ 98.4 Ve eab
= = . o .
T, ~52.8 % & =T =405 (eqs. (9) ana (20))

Solution by Exact Nomographic Method for Pio = Pg

(Figs. 3, 4, 5, and 7)

The assumptions are identical with those for the exact namographic
method for Mjo = 1.0 (figs. 3 to 6) with the exception of the nozzle-

exit condition. In this exact nomographic method (figs. 3, 4, 5, and
7), it is assumed that the combustion products expsnd to the ambient
static pressure at the exhsust-nozzle eﬁit.

Determination of net thrust with and without afterburning. - The
procedures for the exact calculgtion method for P10 = Po &are identi-

cal with those of the exact nomographic solution for Mjpo = 1. 0 with
the exception of the steps for determining the function f(PlO,po,Ylo)

in the net thrust equation (compare egs. (3) and (4)). This differ-
ence occurs between lines C and E of flgures 6 and 7. The points of
similarity will not be discussed.

e6e
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Procedure for using figure 7. - The procedure for determining
f(PlO’pO’Ylo)Plo=Po using lines C', D, and E of figures 7 is as follows:

(1) Locate the value of the ratio of ambient static pressure to
nozzle-exit total pressure (pO/PlO, taken from line C) on line C! (point

SOéab for the turbojet engine with afterburning or point l5é for the
nonafterburning case).

(2) Place the value of nozzle-exlit specific-heats ratio 7119 on
line D (point 3l.,, or 16.).

(3) Draw a straight line through these points (3log, and 308
or 16, and 15)) to intersect line E at the value of

f(PlO,PO,YlO)P]_O@O (point 5zea-b or l7e) .

Results. - The results for the exact nomographic method for
P10 = Po (fig. 7(a)) are the following:

n

(F—> = 54.3 1b thrust/{1b air/sec)
a

Ve

F
—n> = 100.8 1b thrust/(1b air/sec)
Wg /eab

. = £0-247) (0.0678) (3600)

sfc TN = 1.11 (1b fuel/hr)/1b thrust
(eq. (11))
0.0878) (3600
sfeegp = { 102)?8 L - 2.2 (1 fuel/hr)/1b thrust
F W
;Leab = lgz-g = 1.86 at f,eab _ 4.05 (egs. (9) and (10))
n,e . Vr,e

Comparison of Results

Comparison of the results by the three methods reveals good agree-
ment In 811 categories. However, when the approximate nomographic
method for M;g = 1.0 is used for solutions to specific afterburner

problems, the assumptions of the method should be checked carefully
against the actusl component characteristics. The agreement of results
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calculated for pjg = pg Wwith those for M;5 = 1.0 occurred because the

turbojet engine of this example has a low ratic of afterburner-inlet
total pressure to ambient statlic pressure.

The following example shows net thrusts and total fuel flows con-
puted for a turbojet engine operating with a high pressure ratio, with
and without afterburning. The followlng variables are assigned:

Altitude, ft . 3 . . 3 . . . ] e . . . a e w . . . L] . 3 . . . 50, OOO
Flight Mach number, MO e e o o s s s s s s s s s s w s e s s e 2.5

Compressor-inlet total temperature, Ty OR & v it et e e e ... . 884
Afterburner-inlet total tempersture, T5, °rR . e e 1 ¢ s o &« o « « 2001

Ratio of afterburner-inlet total pressure to ambient static
Press’u.re, PS/PO - L3 - L[] . . . . - e ‘e - L] . L) . . . - L] - 3 L] . .].9-04

Afterburner-inlet Mach number, M5 e « « s s s o o s e o = s« e « o 0,246
Engine cambustion efficiency, MBye * * » » ¢ = = ¢ o s o o o o o 0.99

Fuel (primsry engine) . « . . . . « + o« o« « JP-4 (octene-1)
Afterburner flameholder drag coefficient, AP/q e s o« o o o s a s s s LB
Afterburner equivalence ratio, Pgp « « o ¢ &+ o o o s ¢ o s o o« . . 1.0

Afterburner combustion efficiency, MB,ap * = = * = * ¢ © =+ = « ¢ o 1.0

Fuel (aftel‘burner) ] [ ] L] . . . L] . - L] L] L) - . . L] . L) J—P-4
Nozzle total-pressure ratio, (PlO/PS T o I

With the preceding values and figures 9, 11, 12, 14, gnd 15, the follow-
ing values result:

W
by
W_a)s = 0.0678 Sa,5 = 110
0.236
q’id,e = 0.236 ‘Pac,e = 0.99 0.238
Ys = 1.316 .Tlo = 1,253

84,10~ 173.4

The ratios of nozzle-exit total pressure to smbient static pressure
were computed from figures 3 to 5 (calculations not shown) :

P P
<——l9) = 17.36 (-—19> = 16.11
Bg /e PO /ead

iTRE"
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Figure 6(b) gives the calculations for net thrusts produced by ex-
pansion of combustion products to a Mach number of 1.0 at the exhaust-
nozzle exit. The nomographic calculations for net thrusts resulting
from complete expansion of exhaust gases are shown in figure 7(b). The
results obtained with both methods are given in the following table:

Nozzle-exit condition

MlO = 1.0 P10 = Pg
Afterburner'equivalence ratio,
Pab
0 1.0 0 1.0

Fr  1b thrust

Gg’ EITEE;7E€E 29.6 89.4 43.5 112.8

1b fuel[hr
sfe, To thrust 1.96 2.73 1.33 2.16

F
_n,eab 3.02 2.59

Fn,e

W.
_%&ﬂ’ 4.20 4.20
f,e

Procedures 'and Operations

The following are the detalled procedures and operations used when
solving afterburner problems in general with the nomographs for the ap-
proximate and exact methods. The construction lines and numbering

system used for the previous example are followed (leab: 2egbs Segb * °

or le, Ze, 3e - « s, for computing sequences with points for the engine

with afterburner or the engine alone, respectively, and arrowheads repre-

senting construction direction of straight lines).

Approximate nomogrephic method for M;g = 1.0. - Figures 1 and 2
are based on the sssumptions given in the ANALYTICAY. METHODS section
and the previous example for the approximate nomographic method for ex-
pansion of combustion products to a Mach number of 1.0 at the exhaust-
nozzle exit. '




42 G NACA RM E56A23

FPigure 1: : : C e

Step (1)

Point 1lggp. - Locate Mg on the left scale of line A of
figure 1.

Operation lggp. - Mg and the assumptions (yg = yg = 1.325
and (Pg/P5)p = 0.95) determine Mg (eq. (6)); Mg end yg yleld

g - 1
Ms\/(l e Mé)(l + Tg)
the following functions:

l+T6Mé
to compute Mg and represented by the location om line A (scale
1+ vl
not shown), and /f(rg,Mgly = . required to compute

required

(Pg/Pg)y- Read the value of f(rg,Mg)y from the right scale of
line A to be used as point 6.4, on line A of figure 2.

Point zeab‘ - Iocate Sa,s on line B.
1 2 . - t ts di b .
Operation eab The point represents vision by Sa,6

Point 3,4, - Draw a straight line through points leap &nd

2egp ‘to intersect line C. at point 3g.qp. _

Operation 3.5- - The point represents the value of

Mev<l +315—2———l 1%)(1 + Yg)
(1 + ygM8) Sa,6 .

Step (2)

Point. 4eab' - Iocate Sa,g on line D.

Operation bogb - The point represents multiplication by Sa,g'

_Ieszi
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Point S5ggp. ~ Draw a straight line tﬁrough points 3gg4, and
4egp TO intersect line E at point S,

Operation 5 . - The point represents the value of
Mg'\/<1 e L‘%j(l+‘r9) MS/\/<1+ M%)(l + Tg) (a 9>
l+m 1+%@ 5,6

(eq. (7)), which with the assumption (vg = 7T7g9 = 1.275) ylelds the
‘value of My (right scale of line E); Mg and 71y in turn give the

l+'rgl'€

function = f(rg,Mg)y required to compute the

Tg

Yo-1
1 +——-——-2 M9

value of {Pg/Pg)y- Read /(rg,Mg)y from the left scele of line E
to be used as point 74, on line B of figure 2.

Figure 2:
Step (1)

Point 6gqp- - Locate [f(rg,Mg)y (value from point 1., of
fig. 1) on line A of figure 2.

Operation 6.4;. - The point represents the value of [/ (yg,Mg)y-

Point 7., ~ Locate /f(rg,Mgly (value from point 5.5, of
fig. 1) on line B.

Operation 7ggy. - The point represents division by /(rg,Mg)y.

Point 8,y ~ Draw & straight line fhro'ugh points Seab and
Tegp to intersect line C at point 84p.

Operation 8 . - The point represents the value of the total-

eab
pressure ratio (Pg/Pg)y across the combustion zone:

s
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T
-1 Tg-1
ENEEC (el
Pe/M Ve (8)

- Ly
(1 + r9M§)<1 + 62 : M%)

Point 1. ~ Locate at 1.00 on line C.

Operation 1,. - The point represents engine operation without

afterburning. Calculations for this condition are similar to those
with afterburning from here, and points for the engine alone are
noted particularly parenthetically (ng = nggy - 7)-

Step (2)

Point 9egp (or 2.). - Locate (P5/pp) on line D.
Operation 9gq;, (or 2¢). - The point represents multiplication

Y P
of reciprocal of (Pg/Pgly by f(YlO) =2 @é _9__) where assumed

Ps \Ps P1g
1
Y10 -1
Pg P (1L + vq0)
6 T10 10
values give (— —--) = 0.92 and f{vip) = = 0.8.
P5 Py 10 Y10
Tio-1
(2) 10

Point  1Qgg4;, (or Se). - Draw a straight line through points
Baap (O 1g) and 9g4y, (or 2.) to intersect line E at point

10,01 (or 3.).

Operation 10ggy, (or 3¢). - The point represents the value of

1
Tio~-1
Pq - (r +l)lopPPP
f(Plo,Po,Tlo) =1 - f{ry0) P =1 - 10 _ -fg §§ §§ §§_
10 ’ Tio. . ¥5 %6 F9 T10
Ylo-l

(2)

166¢%
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Step (3)
Point 1lggp (or 4g). - Locate 8y 19 on line F,
(Sa,10,eab = Sa,9,eab? Sa,5,e = 5a,6,e = Sa,9,e = 5a,10,e")

Operation 1lggp (or 44). - The point represents multiplication
by Sg 10+ NOTE: Limes F and G have high (left) and low (right)

range scales. If the high-range scale 1s used on line F (Sa lO)’
the f(Sa 1OJPlO’PO’YIO) value will be that given by the high-range
scale of llne G, and the final answer Fh/w must be read on line I.
If the low-range scales for S, 1o and f(Sa 10sP10sP0sT10) 8re
used, the final result F /w must be read on line J.

Point 124 (or 5g). - Draw a straight line through points
10ggp (or 3g) and 1lg,, (or 4¢) to intersect line G at point

12,43, (or se).
Operation 12.g4. - The point represents the value of
1
| | (l-frlO)TlO /%o
/(8q,105P105,P0s710) = Sa,lo[ - flrio) B ] Sa,10 |1~ o \?10)
(Z)Tlo"l

Mark this point to be used in step (5).
Step (4)

Point 13, (or 6.). - Locate the flight altitude on line H
(left scale).

Operation 13_g, (or 6g). - The point represents the sonic
velocity ab'(ft/éec) at the flight altitude; a, can be read from
the right scale.

Point 14,.y (or 7). - Iocate the flight Mach number My on
line K.
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Operation 14,4y, (or 7e). - The point represents multiplication

by Mg.

Point 15.4, (or 8g). - Draw a straight line through points
13,5 (or 6g) and 14,4y (or 7.) to intersect line L at polnt
150qp (or 8g).

Operation 15,4, (or 8,). - The polnt represents the value of

Volg = (agMp)/s-
Step (5)

Point 16,4, (or 9.). - Draw a straight line through points
12, (or 5.) and 15,4, (or 8,) to intersect line I (or line J)
at point 1644, (or 8e).

Operation 16¢4p, (or 9¢). - The point represents the value of

F P /
n10=s 1 - 0 - 0 3
—w, 5,10 /lr0) 551~ % (3)

Exsct nomographic method for M;n = 1.0. - Flgures 3 to 6 are based

on the assumptions given in the ANALYTICAL METHODS section and the ex-
amples for the exact nomographic method for expansion of exhaust products
to Mach number 1.0 at the nozzle exit.

Figure 3: .. .
Step (1)

Point legb (or le). - Locate Y5 on line A of figure 3.
Point 2.4, (or 2,). - Locate Mg on line B.

Point 3ggp (OF 3¢). - Draw a straight line through points
legp (or 1.) and 2.4, (or 2¢) to intersect line C at point 3egy,

(or 3.).

166%
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Operations lggy (or 1), 2o4p (0or 2.), amd 3.4 (or 3.). -

The functio reE 1 ted; point 3_.. (
e ction e s computed; poin cab (OF

TS— 1

oo+ 5 18)

3e) represents the value of this function.

Step (2)

Point 4_., (or 4.). - Locate the value of C, = AP/q on
line D.

Operation 4g.h (or 43). -~ The point represents multiplication
by AP/q.

Point 5gqy (or 5g). - Draw a straight line through points
3eap (0r 3g) and 4.4 (or 4.) to intersect line E at point S.g

(or Se).
Operation 5.4, (or 5.). - The point represents the value of

(Eé)F =1- Cp r5M§ (8)

Fs

Step (3)
Point 6g4p (or 6g). - Locate Mg on line F.

Point 7gqp (or 7.). - Draw a stralght line through points
Seap (0r 5g) and 64, (or 6g) to intersect line G at point 7.g,

(or 7.)-

_Operations 6ggy (or 6g) and Tggy (or 7g). - (Pg/Ps)y and
M; (also yg) determine Mg (eq. (6)). Point 7oy, (or 7.) rep-
resents the value of Mg. Read My to be used for point 9.5, on
line B of figure 4. The variation of yg5 in equation’(6) also

R
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affects Mg to a very small extent over the range of Mach numbers A
used. In the case ylelding the meximum difference in Mg due to
Ts variation, the effect was less than 0.1 percent as Ys changed -

from 1.29 to 1.35. For this reason the influence of Y5 variation
is not included in step (3).

Figure 4:

t66¢

Step (1)

Point 8,5, - Locate yg = yg on line A of flgure 4.

Point 9gq,. - Locate Mg on line B (value of Mg from point

7eab-' fig. 3).

Point 10,5, - Draw a straight line through points 8,4, and
Segh TtO intersect line C at point 104,y

Operations 8.1y 9eaps 10egp: -~ Yg 8nd Mg determine a func-
tion necessary to compute Mg. Point 10,4, represents the value .

Mg (; + —— m%)(l +'Ye)

1+ TGMG

of

Point 11, . - Extend the straight line drawn to locate point
10,gp to intersect line D at point 11..4.

Operations 8,44, 9ggps @04 1llggp- - Tg and Mg fix the

1+T6M§

value of a function /f(yg,Mgly = — required to
6

-1

(aleft)

compute (Py/Pg)y. Read the value of [(yg,Mg)y for point 1lgg,
to be used to locate polnt 19..,, line A, figure 5.

step (2) _ i

Point 1zeéb. - Locate Sa,s = Sa’5 on line E,
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Operation lZeab. - The point represents division by Sa,s'

Point 1Seab. - Draw a straight line through points 10aah and

1244y to intersect line F at point 13,4

- The point represents the value of the

Operation 13g5y-
TG -
| i\ + o= )0 e v
function
(1 + TGM% 8,6
Step (3)
Point 14

esb® ~ Iocate the value of Sa,g on line G.

Operation 14

- The point represents multiplication by
S . ' ' '
a,9

eab*

Point 15.4. - Draw & straight line through points 13,45, and
14,4, to intersect line I at point 15,44

Operation lseab' - The polnt represents the value of

Mg’\/ bé)(l'i"rg) Mg ﬁl-z- 6‘1M§>(1+‘r6)<a,>(7)

1+ TQMS 1+ 7TgME %a,6

Step (4)

Point 16,4,. - Locate 71g = 15 on line K.

Point 17,4 - Draw a straight_line through points l6egb and

15 to intersect line J at point 17.4,.

eab

Operation 17,g. - The function determined as point lseab
and. Y9 (16eab) fix the value of Mg that can be read from point

1 eap .

Point 185+ - Extend the straight line drawn to locate point
170gp to intersect line E at point 18ggy.
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Operation 18..,. - Mg (17,gy,) and Tg (16 op) Yield the func-

l+rgfé

(o722 )

Read the value for f(rg,Mg)M at point 18_, to be used as point
20ggps line B, figure 5.

tion Jf(rg,Mgly = - required to compute (Pg/Pg)y.
9

Yg" 1

Figure 5:
Step (1)

Point 19g4;- - Locate the value of f(rs,MG)M (point 1leab)
on line A of figure 5. :

Point 2044y - Locate /[(yg,Mg)y (from point 18,45 ) on line B.
Operation 20ggy,. - The point represents division by J/(rg,Mg)y.

Point 21.4,. - Draw a straight line through points 19,5, and
20g,p to intersect line C at point Zleab'

Operation 21.44. - The point represents the value of equation

(8):
Tg
Tg -1 2 -‘;;
Po\ S(resMgly _ (1+ TGM%)<} s Mg)
__>M - flrgoMgly Tg
Ye - 1 Tel
(1 + 791%)<l + — M%)
step (2)

Point 22,.,. - Locate (Pg/Pc)p (from point 5.4) on line D.

Operation 22.4p,. - The point represents multiplication by

(Pg/P5)p-

TE6S-
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Point 23.41. - Draw a straight line through points 21 and

22,4, to intersect line E at point 23

eab
eab*

Operation 23gg,.- - The point represents the value of

Ps/r,m \F5/F \F&/M
Point 8,. - Locate the value of (Pg/Ps)p (from 5.) on line E.

Operation Be. - The point represents engine operation without
afterburning (Pg/Pg = 1.00). Calculations for this condition are

gimilar to those with afterburning from this point on. Therefore,
points for the engine operating without afterburning are noted
parenthetically (ng = ngg - 15).

Step (3)

Point 24,4, (or 9g). - Locate the selected nozzle total-
pressure ratio (PlO/Pg)N on line F.

Operation 24gg;, (or 9¢). - The point represents multiplica-

Point 25g4p (or 10¢). - Draw a straight line through points
23,4, (or 8,) and 24 (or 9.) to intersect line G at point
25.gp (0or 10g).

eab

Operation 25441, (or lOe). - The point represents the product
of afterburner-component total-pressure ratios:

P5/r,M,§ \F5/F \Fe/M \ Fo/N

Point 264, (or 11g). - Locate the value of Pg on line H.
[Point 26 gy (or 1lé). - If the engine compression ratio is known,

Step (4)

locate P5/bo on line H.]
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Operation 2644, (or 11,). - The point represents multiplica-
tion by Pg. [Operation 26Lg, (or 111). - The point represents
multiplication by Pg/pg. ]

Point 27,4, (or 12.). - Draw a straight line through points
25.gp (Or 10g) and 26,4, {or 11.) to intersect line I at point
270gp (Or 12.). [Point 271y, (or 121). - Draw a straight line
through points 25,4, (or 10,) and 26Lg, (or 11}) to intersett
line I at point 274y (or 121).]

Operation 27ggp {or 128). - The point represents the value .of

P
the nozzle-exit total pressure Py = Pg ( %O) . Read this v&lue

5/F, M, N
on the right scale of line I to be used as point 29,4, (or 14.),

line B, figure 6. [Operation 27}y (or 12}1). - The point repre-
sents the over-all engine compression ratioc PlO/Po Read the value
for PlO/PO at point 27.., (or 12} ) to be used as point 304,
(or 15.), line C, fig. 6.] NOTE: The two scales (P5  and Pg/pp;
Pio and PlO/PO) on each of lines H and I are not related by posi-

tions on the lines. Therefore, if one scale is used initlally
(e.g., a scale marked with '), the corresponding scale must be used
for the next line (').

Figure 6:

Step (1)

Point 28
figure 6.

eap (Or 13.). - Locate the altitude on line A of

Operation 28.g; (or 13 ) - The polnt represents the values

of ambient pressure Po (given on the right scale of line A) at the
Flight altitude. - -

Point 29,43 (or 14.). - Locate Pyq (from point 27,4, (or
12.)) on line B.

Operation 29

egb (Or 14.). - The point represents division

T66¢
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Point 304, (or 15.). - Draw a straight line through points
28ggp (or 13g) and 29,4, (or 14.) to intersect line C at point
30gah (or 15.). 1If (Plo/bo) vas determined for point 271, {or
12}), locate the value on the left scale of line C.

Operation 304 (or 15.). - The point represents the value of

equation (5):
P10 “0|B5 \Ps/Fr \Po/u \F10/N

The left scale (Plofpo) is the reciprocal of the right scale.

Step (2)

Point 3lggy (or 164). - Locate 119 =71g on line D.

Operation 3lgg (or 18,)- - The point represents multiplica-
tion by

1

Y -
(1 + YlO) 10
10
T10-1
(2)

1

f(YlO) =

Point 324, (or 17.). - Draw a straight line through points
30egp (Or 15.) and 31y, (or 16.) to intersect line E at point
32¢gp (Or 17.).

Operation 32.,, (or 17.). - The point represents the value
P9
of f(Pio:Po;Tlo) = l-f(Tlo) 516-

Steps (3) to (5) for figure 6 correspond to steps (3) to (5)
for figure 2, with 324, (or 17.) being & value comparable to 10,4,
(or 3.). '
e



54 A NACA RM ES56A23

Exact nomographic method for p = P~. - Figures 3, 4, 5, and 7
10 0 ’ 2

comprise the exact nomographic method for complete expansion of exhaust
products. This calculation method is identical with the exact nomo-
grephic method for M;g = 1.0 with the exception of the function

f(PlO,pO,YlO) in the net thrust eqpation_(campa;e_gqg,_ﬁﬁ) and (4)).

This difference occurs between lines C and E of figures 6 and 7. With
these regions excepted, all equations, assumptions, nomographs, pro-
cedures, and operations for figures 3 to 6 apply to the exact namo-
graphic method for plO = PO The points of similarity will not be

The followlng are procedures and operations for determining
f(Plo,po,Ylo) 10=Po using lines C', D, and E of figure 7:
Point 30y, (or 151). - Locate the value of py/Piq (from point

30 or 15, on line C) on line C'.

eab
Polnt 3lggy {or 16,). - Place the value of 71y on line D.

Point 32,4, (or 17g). - Draw a straight line through points
3legp (Or 16¢) and 304y, (or 151) to intersect line E at point

32egp (O 17¢).
Operations 30lgy (or 152), 3lg,, (or 164), and 32.,, {or

T10-1
2
T1o Py \ 710 )
1l -~ 7 is
10

17g). - The function../(Plo,po,rlo)Plo=po =«lr2 2 1[
10

computed; point Szeab (or 17 ) represents the value of this function.
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1b air/sec
Figure 1. - Nomograph for approximate determination of Mach number downatream of combustion zone

and functions used to compute total-pressure ratic acrosa ¢dmbustion zone. (A large working
copy of this figure may be obtained by using the request cEFd bound in the back of the report.)
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Figure 9. - Over-all stoichiometric fuel-air ratioc for three
afterburner fuels used with JP-4 fuel in primery combustors.
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Figure 13. - Variation of air specific impulse with equivalence ratlo,
pentaborane concentration, and inlet air temperature for blends of
pentaborane and JP-4 fuels at combustion pressure of 2 atmospheres.
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Figure 15. - Varlation of specific-heats rgtio with air specific
impulse, equivalence ratio, and magnesium concentration for com-
bustion of magnesium slurries in JP-4 fuel at combustion pressure

of 2 atmospheres.
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Figure 16. - Varlation of specific-leats ratlo with air specific impulse and pente-
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borane concentration for combustion of blends of pentaborane and JP-4 fuels at
cambusticn pressure of 2 atmospheres for ilnlet air temperature of 100° F.

EL




[T T e ——




